Abstract-The polarization sensitivity of a bidirectional fiberoptic modulator is passively eliminated by incorporating the modulator in an orthoconjugate loop mirror or in an in-line fiber loop. We describe and analyze these fiber loop configurations which allow remote interrogation of polarization-sensitive devices with either one or two conventional singlemode fibers. For bulk single-drive modulators, the polarization sensitivity is reduced to k0.15 dB out to 2 GHz. By utilizing a balanced, dual-drive feed to a bidirectional traveling-wave modulator, residual polarization sensitivity of f 2 dB is demonstrated for ultrawideband operation to 25 GHz and +0.3 dB for narrowbands.
I. INTRODUCTION ANY TYPES of modulators in fiber-optic systems
M exhibit a ftrong dependence of the modulation on the input state of polarization (SOP). The consequences are changes in responsivity and leads to distortion and polarization fading of the sensed signal [I] . The birefringence axes of the two fibers are aligned. Each of the circulating components reenters PBS2 with a SOP that exits the 4th port. However, by inserting a 90" Faraday rotator (FR) within the loop, the counterpropagating beams within the FR reenter the loop fibers on the opposite birefringence axis. Now each circulating component exits PBS2 at the original input port I . Furthermore, analysis of this configuration shows that the return SOP is orthogonal to the input SOP. In this respect the OCLM is equivalent to a 45" FR and mirror [ 131. Becau\e of the reciprocal birefringence property of fibers (141, the SOP reentering PBSl at port 3 is orthogonal to the SOP which exited this port and consequently the light is diverted to port 2. For proper operation, the system round-trip delays must be less than the characteristic times (-100 ps) associated with variations (typically acoustic effects) in the fiber birefringence: hence, one-way fiber lengths are limited to about 1 0 km. U.S. Government work not protected by' U.S. copyright For feed-through arrangements, a polarization-insensitive modulator loop configuration has been demonstrated for liquid crystals 1151 and a Faraday rotator and mirror combination has been demonstrated with semiconductor optical amplifiers 1161 but, in both cases, both axes of polarization are utilized. The polarization 3ensitivity of many modulators effectively polarize the input signal or effect each SOP differently and so cannot be used in these configurations. We note, however, that the OCLM design leads naturally to an alternate single polarization loop (SPL) configuration 1121 [ Fig. I(b) ], which has previously been used for elimination of polarization dependence of semiconductor optical amplifiers 1171, 11 81. With oppositely oriented 45' FR's located at ports 2 and 3, this SPL arrangement utilizes only a single axis of the PMF loop and delivers a constant ({.e., input SOP independent) optical output at port 4 for a return (or output) on a separate SMF. The feed-through configuration is important for long distance interrogation of remotely located sensors since no remoting length restriction is needed and signal degradation by copropagation with Rayleigh backscatter IS avoided.
JONES MATRIX ANALYSIS
In the Jones matrix analysis of the OCLM, we consider an input optical electric field EiIl with an arbitrary SOP The transfer functions P,; for the PBS from port 1; to port j is represented by For the case of the SPI, we must convert to the principle axes of PMF oriented at 4.5' relative to the input coordinate system, the conversion matrices at port 2 and 3, P2 and P3, respectively, are where "out" and "in" are relative to the PBS. With this particular choice of coordinate transformations and placement of FR's, we find that and (4) which implies that only the , y axes of the PMF loop is utilized. The FR matrix is where the direction of the FR-magnetic field vector H is in the same (+) or opposite (-) direction to the light. The operations of the OCLM and SPL are then given by = [ : ' : , I
and Now, lor the beam returning from the OCLM, we adopt the convention 1191 that a wave always propagates in the f z direction. This is accomplished by a transformation from the incident coordinate system to the reflected system such the .r -+ -.I' and 2 i -z. The transformation is represented by the operator
where the arrow indicates the propagation direction. In our system
demonstrates the orthoconjugate property of the OCLM retum beam.
Note that for the SPL the input light can be completely depolarized without effecting modulator performance. Also, an alternate feedback deEign might be considered without orthoconjugate retum where the loop 90' Faraday rotator can be replaced by a fiber twist. This case has the advantages of I ) lower sy$tem complexity (cost) since the PBSl can be replaced with a polarization insensitive coupler, 2 ) very long fiber lengths can be used since birefringence fluctuations (and fiber reciprocity) are no longer of concern, and 3) 
Iv. MODULATOR IN THE LOOP
In an initial experimental implementation of this technique (Fig. 2) , the polarization-sensitive modulator was a 1.3-pm Yfed balanced bridge intensity modulator [20] . In this case, the modulator passes only the polarization that is modulated so that, assuming a y-axis orientation, the corresponding Jones matrices can be shown to be those of (6) modified by a scalar modulation factor-both the OCLM and the SPL remain independent of input SOP.
In place of a fiber-pigtailed Faraday rotator, a bulk Faraday rotator was accessed via a pair of gradient-index lenses pigtailed to SMF leads and spliced to the PMF output lead from port 3 of PBS2. This arrangement allowed for convenient access (removal) of the FR and fine adjustment in the loop lengths (below). However, to preserve the birefringence axes alignment of the loop PMF, the SMF leads were wrapped on fiber-loop polarization controllers [2 I]. Before inserting the FR, the birefringence axes were aligned by adjusting the polarization controllers to yield maximum photodetector (PD) response. The OCLM input SOP in the SMF was varied manually with another polarization controller and monitored by a pick-off splitter which diverted a small fraction of the light between PBSl and PBS2 to a polarization analyzer and power meter. In Fig. 3 light are present in the OCLM loop, a large null is observed (Fig. 4) . The null in response observed at 1.13 GHz is due to the modulator not being located half-way around the OCLM loop. That is, the modulated signals recombine at PBS2 with a relative time delay based on where the modulator is located in the loop. The relative frequency response of the system is given by where 7 is the time delay from the loop midpoint to the modulator midpoint. The null at 1.13 GHz corresponds to a time delay of 442 ps or 8.85 cm of optical fiber. After removal of the excess fiber on one leg of the loop and fine tuning (< 1 cm) with stages that translate the gradient index lenses, the sharp null in the frequency response was completely removed (Fig. 5) . What remained were any traveling-wave effects and any asymmetry in the modulator. It is noted that, as with other link throughput data presented in this paper, the link loss was measured to be commensurate with the modulator V T and the received PD current. 
V. SINGLE-DRIVE MICROWAVE MODULATOR
With the 90" FR attached directly to one of the loop ports [ Fig. l(a) ], the CW and CCW circulating components of light in the OCLM travel on the same birefringence axis of the PMF. Therefore, any bidirectional modulator can be inserted in the OCLM and its operation will be independent of the input SOP. So in an effort to expand the bandwidth of this technique, a traveling-wave LiNb03 Mach-Zehnder modulator with operation to 18 GHz was substituted for the first modulator. However, traveling-wave devices require copropagation of the RF and optical waves as demonstrated by the measured results shown in Fig. 6 . The top curve of Fig. 6 is taken relative to a previous curve for copropagating RF and optical waves and serves as a measure of system repeatability. The bottom curve is measured for the case when the input SOP is adjusted so that the RF and optical waves are counterpropagating in the OCLM loop. Input SOP variations yield widely varying response between the two curves. It is well known that traveling-wave microwave modulators exhibit directional dependence above some characteristic frequency, 
VI. DUAL-DRIVE MICROWAVE MODULATOR
The directional (input SOP) dependence can be removed, however. if a symmetric device is synchronously RF driven in both directions. The device used above is internally terminated and so can only be driven in one direction. Hence, another device was used to test this new dual-drive concept: an in-house traveling-wave LiNb03 Mach-Zehnder modulator having operation to 40 GHz [ 2 3 ] . As expected, the 40-GHz device exhibits inefficient modulation beyond I GHz when the RF and optical waves are counterpropagating (Fig. 7) .
As described above, for ultrawideband operation the modulator is located at the appropriate midpoint of the OCLM and a line stretcher is used for corresponding microwave path matching (Fig. 8) . At all microwave frequencies the light Relative responhc versus frequency for (. in either loop direction will interact with the corresponding copropagating microwaves. At frequencies less than f c the light will interact with both the co-and counterpropagating microwaves. The response of the modulator will then be doubled at low frequencies but, when included in the OCLM, complete polarization independence is obtained. This dual-fed ultrawideband technique was characterized for polarization sensitivity. For the LiNb03 device of Fig. 7 , the polarization dependence (loop direction dependence) is substantially reduced (Fig. 9) out to 25 GHz. The response with bidirectional optical feed was found to always lie between the responses for optical feeds solely from the left or right inputs to the modulator. Compared to Fig. 5 , the residual polarin either a common input-output orthoconjugate configuration or a transmissive configuration. The loop mirror enables the system to passively operate independently of the evolution of the state of polarization over a singlemode fiber link between the source/detector and the sensing head. Thus, cost and complexity are reduced for new installations and existing installed singlemode fibers can be used for ultrawideband remote sensing.
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